Recent emphasis on linkages between essential fish habitat and fish stock productivity has raised concerns about the management of fishing activities such as trawling, which have the potential to impact fish habitat. Knowing specifically where and how intensively trawl effort has occurred over time provides ecologists with the necessary background for habitat impact and recovery studies, and provides fishery managers with an assessment of how habitat conservation objectives are being met. The objectives of this study were (1) to examine the extent to which the 2000 Pacific Fishery Management Council footrope restriction has shifted and reduced trawl fishing effort on Oregon fishing grounds, (2) to relate these changes in distribution to the benthic habitat type over which they occur, and (3) to develop methods for enhancing fine-scale spatial review of targeted fishing effort.
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Density analysis of available trawl start locations provided a spatial and temporal understanding of how fishing efforts increased and decreased in relation to habitat distribution and fishery management actions between 1995 and 2002. Trawl effort patterns exhibit significant inter-annual variability and patchy distribution. Areas of increased fishing effort were still evident between years despite an overall decline in trawl tows across the time scale of this study. Tow end point locations for the years 1998-2001 were retrieved from manual logbooks for five reference sites located in the proximity of rock habitat features. Trawl towlines were mapped from start to end point and demonstrated a marked enhancement of fine-scale fishing effort resolution, with increased ability to identify effort shifts over benthic habitat. Distinct spatial shifts in fishing intensity (measured as km towed) away from rock habitat were evident at all reference sites, with an average reduction of 86%. Some slight shifts into surrounding unconsolidated sediments also occurred, indicating effort displacement as well as reduction. Fishing intensity was calculated from commercial trawl and research trawl survey towlines to achieve the most accurate assessment of fishing impacts and potential habitat recovery areas. Research trawling intensity was less than 1% of commercial trawl effort originating from the same sites. A brief comparison of Oregon 2 vessel towlines and California vessel towlines demonstrated similar targeted fishing patterns by both fleets, except at one site.
Results indicate that the footrope restriction, in conjunction with associated landing limits, was effective in protecting rocky habitats from trawl fishing impacts. Reference areas were identified where essential fish habitat (EFH) recovery is likely occurring off the coast of Oregon. Substantial regulatory changes continue in this fishery, with trip limits and gear restrictions continuously adjusted. Continued monitoring and review of spatial trawl data would assist in fishery management decision-making and assess conservation objectives for depleted groundfish and associated habitats. Future research should incorporate analysis of catch data and expand the review of trawl towlines for the entire US West coast groundfish fishery. The trawl towline spatial analysis developed in this work is a credible method for reviewing fishing effort at the scale of the fishery and in relation to detailed habitat data. The research presented here provides an example of how an interdisciplinary approach and critical assessment of data can work to resolve marine management challenges.
INTRODUCTION
There has been substantial concern over the effects of bottom-trawling and other fishing activities on benthic ecosystems and the sustainability of fish populations (Dieter et al. 2003 , Johnson 2002 , NRC 2002 , Kaiser and de Groot 2000 , Rester 2000 , Thrush et al. 1998 , Watling and Norse 1998 , Jones 1992 . Because bottom-trawling can alter essential fish habitat (EFH), it is important to understand fishing patterns both spatially and in the context of fishery management. It is imperative that fishery management measures implemented to protect depleted groundfish species and their associated habitat be critically evaluated as to their success. In the absence of such evaluation, there is no means to determine whether habitat conservation objectives are being met or what role regulatory actions play in recovering fish populations. Previous studies reviewing the effects of Pacific groundfish management have rarely assessed spatial or habitat specific implications (Babcock and Pikitch 2000 , Gillis et al. 1995 , Pikitch 1987 , Pikitch and Melteff 1987 .
Advances in the application of geographical information systems (GIS) now offer the capability to effectively analyze and evaluate spatially-related fishery management concerns (Valavanis 2002 , Meaden 2000 , Isaak and Hubert 1997 , Meaden 1996 , Meaden and Chi 1996 . The use of GIS improves our ability to form spatially appropriate biological and management related questions and to determine if present data sets can adequately address these questions. This tool allows for the synthesis of broad-scale spatial data sets from multiple disciplines. Spatial changes due to biological significance or regulatory decision-making can now be viewed simultaneously. As a spatial analysis tool, GIS is especially adapted to aid in management functions at various scales for monitoring of change, comparative studies (spatial and temporal), and modeling projection scenarios.
Primary management measures used to mitigate fishing impacts on habitat include regulating gear use, controlling landing limits for targeted fish (to reduce overall fishing effort and therefore frequency of disturbance), and by restricting or closing geographical areas to particular gear types. To date, the Pacific Fishery Management Council (PFMC) has implemented a combination of all three methods for the US West coast groundfish trawl fishery to protect and rebuild depleted rockfish (Sebastes spp.) populations (65 FR 221, 67 FR 57973) . Many rockfish species are associated with hard-bottom, high-relief rocky areas (McCain 2003 , Love et al. 2002 . Habitat sensitivity to fishing impacts from mobile trawl gear is thought to be greatest in these stable areas of high habitat complexity (substrate surface topography) with a prominent degree of biogenic cover (Kaiser et al. 2003 , Kaiser et al. 2002 , Auster and Langton 1999 , Auster 1998 ). Recovery appears to be most rapid in habitats which are less physically stable (i.e., sand), in contrast with rocky areas (Collie et al. 2000) . Although these rocky areas are often the target of conservation concerns, very little attention has been given to the study of fishing impacts and recovery in these hard-bottom habitats in the Pacific Northwest.
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The primary objective of this study was to examine trawl effort shifts over benthic habitats in response to regulatory changes in the US West coast groundfish fishery. In particular, this study focused on a PFMC-mandated restriction in trawl footrope size for landing nearshore and shelf rockfish species as well as most flatfish species. This regulation, enacted in 2000 to shift fishing incentives, linked various groundfish trip limits to large (> 8 inch (> 20.5 cm) diameter) and small (< 8 inch (< 20.5 cm) diameter) footrope configurations (65 FR 221 1/4/00, PFMC 2000, PFMC 1999). The composition of a small footrope could not exceed 8 inches along its entire length, which includes discs, attachments, or any other materials applied to the footrope cable and/or chain. Fishermen were also prohibited from attaching chafing gear to small footrope configurations. By inhibiting the large footrope gear necessary to pass over rough terrain and obstructions, this restriction was designed to redirect fishing effort off of high-relief rocky areas where depleted rockfish species are most abundant. Furthermore, the retention of most fish normally caught in these areas was prohibited if using large footrope gear to reduce the incentive to fish in these areas. The effort it would take to fish these areas and the large amounts of fish that would have to be discarded would make fishing economically unfeasible. Previous studies by Hannah (2003 Hannah ( , 2000 , based solely on catch information, indicated that a reduction in fishing effort had occurred after the trawl footrope restriction, but did not determine any relationship to benthic habitat. Hannah (2003) also recognized that the landing limits connected to footrope size may also play an important role in the reduction of trawling.
Comprehensive maps of seafloor lithology along the west coast of the United States have recently been compiled. Goldfinger et al. (2003) assembled and interpreted existing geological and geophysical data for the Oregon continental margin, which was made available for this study. The resolution and accuracy of the lithology data vary because of the non-uniform availability of data sources. An assessment was provided using ranked data distributions which allowed for the review of input data quality and suitability for habitat mapping (Romsos 2004) . Oregon marine geomorphological features are identified in Figure 1 with an overlay of the seafloor lithology data. The width of the continental shelf is very narrow (~17 km) at Cape Blanco in southern Oregon and generally widens going north to Cape Falcon (~ 61 km). The boundaries of these Oregon lithology data extend from the Washington border at 46° 15' 00" N latitude to the California border at 42° 00' 00" N latitude. The eastern boundary is the intertidal zone and the western boundary is the edge of the continental slope (~ 3000 m depth). The system used to describe surficial geologic habitat types was a modification of the classification described by Greene et al. (1999) . Benthic habitat, as defined for this study, refers to the surficial lithologic units dictating substrate type as described by Romsos (2004) . While broader definitions of "habitat" may encompass many other ecological and abiotic factors, this study uses the structural substrate component as a proxy for associated benthic fish communities. Seafloor lithology is shown with 50% transparency and units are further described by Romsos (2004) and Goldfinger et al. (2003) .
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The spatial resolution of fishing effort is determined by the reporting of information by the fishery. To appropriately address different management issues, the proper resolution is required. Data collection procedures for the US Pacific West coast groundfish fishery include a tri-state trawl logbook program (Sampson and Crone 1997) . Trawl logbooks contain fishing location information, but prior to 1997 spatial resolution was poor because many locations were reported as the center point of large (10 x 10 nautical mile) geographical blocks. Reporting fishing effort as the number of tows per block ignores the possibility that tows are not homogeneously distributed throughout the block. Trawl fishing effort is known to be concentrated in particular areas with patchy distribution (Ragnarsson and Steingrimsson 2003 , Marrs et al. 2002 , Kulka and Pitcher 2001 , Auster and Langton 1999 , Rijnsdorp 1998 , and benthic habitats occur on a finer, more detailed scale than that of traditional reporting blocks. This contributes to potential bias when applying data values over coarse scale blocks or grids (Rose 2002b unpublished manuscript, Larcombe et al. 2001 , Piet et al. 2000 , Pitcher et al. 2000 , Rijnsdorp 1998 ). Spatial resolution of fishing effort has also been limited in Oregon and Washington because electronic conversion of paper logbooks results in only the trawl start location being entered into electronic databases. A single point can limit our ability to review spatial patterns at the scale of actual fishing practices (e.g., tows can cover large distances, overlap, and cross grid cells). This present research utilized methods for adequately reviewing spatial relationships between targeted, patchy fishing effort and benthic habitat features.
This study was focused exclusively in Oregon waters and consisted of several components. First, an analysis of spatial and temporal shifts in trawl fishing effort over benthic habitat was performed using available trawl start locations for the entire study period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . This provided an initial spatial understanding of where increases and decreases in fishing effort occurred related to habitat distribution and fishery management measures. Second, precise tow end-point information was retrieved from manual logbooks for five reference sites located in the proximity of rock habitat features (1998) (1999) (2000) (2001) . Trawl towlines were then mapped from start point to end point for finer scale resolution of fishing locations to enhance the examination of fishing effort shifts over benthic habitat. Finally, fine scale spatial shifts in relation to the 2000 footrope restriction were then reviewed using complete trawl towlines. A brief comparison of Oregon vessel towlines and CA vessel towlines was also made to assess any spatial variations by fleet. Fishing intensity (measured as km towed) was calculated from commercial trawl and research trawl survey towlines to achieve the most accurate assessment of fishing impacts and potential habitat recovery areas. The outcomes of this study are expected to reveal how management measures might influence trawl fishing effort shifts to aid in habitat conservation, methodologies to effectively evaluate the extent of habitats affected by bottom-fishing disturbances, and to emphasize the benefits of increasing the spatial resolution of fishery data.
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METHODS
Commercial trawl logbook data were obtained for the limited entry groundfish fishery from state databases maintained by the Oregon Department of Fish and Wildlife (1995-2002) , the Washington Department of Fish and Wildlife (1995-2001) , and the California Department of Fish and Game (1995-2001) . Washington and California data were filtered so that only trawls which occurred off the coast of Oregon were represented. Oregon data were not requested with any geographical restriction and records extended into both Washington and California waters. These logbook records were removed from the analysis during the process of spatially joining annual effort layers with a benthic habitat layer that exclusively covered the Oregon coast, from approximately latitude 46°15'30" N to 42°1'0" N. A single logbook record consisted of the parameters for an individual trawl tow, including information pertaining to the vessel, date, time and location of tow, gear used, and catch. This study included only those trawl tows using gear which comes in contact with the seafloor. Unfortunately, it was impossible to review specific bottom trawl gear types used before and after the footrope restriction due to the inconsistency of gear codes recorded by different states and the confounding use of a non-specific groundfish trawl gear code before 2000. Logbook records were dropped from the analysis if they were recorded using a midwater gear configuration, were recorded as the central point of a 10 x 10 nautical mile statistical reporting block rather than an actual tow location, or if a starting location was reported over any landmass. The application of these filters removed approximately 15% of Oregon logbook records, 25% of California logbook records, and 69% of Washington logbook records (Table 1) . Removals were attributed primarily to records reporting use of midwater gear. In the case of California, central reporting block locations resulted in the removal of all records from 1995-1996.
Spatial analysis and mapping were conducted with ArcGIS Desktop version 8.2 by Environmental Systems Research Institute (ESRI). The analyses included use of the ArcINFO workstation, various ESRI extensions, and additional software tools. Data layers created and used in this study were all standardized using the same projected coordinate system (UTM Zone 10N) and datum (WGS 1984) to minimize spatial error in the analysis. In this projection, the central meridian is placed within the center of interest to minimize distortion of spatial properties in that region. It is best suited for north-south areas, such as the U.S. Pacific west coast, which conveniently falls along the center of Zone 10N.
Locations where trawl fishing begins, referred to as the set of each tow, were mapped for each year and by state. Trawl set locations from all three states were then combined into annual point (vector) layers of fishing effort. Oregon habitat polygons (rock, gravel, gravel/sand, sand, sand/mud, mud) (Figure 1 ), as described by Romsos (2004) and Goldfinger et al. (2003) , were spatially joined to annual point layers using an identity function to compute the geometric intersection between data layers. The number of tows per year per habitat type was then summarized. Table 1 . Records filtered from raw database records that were provided by each of the three states. Resulting annual record totals were then used for analysis. Records were removed if the trawler used midwater gear, the set location was recorded as the center of a statistical reporting block, or the set location was noted over a landmass. Note: California and Washington data were only requested for those logbook records which occurred in Oregon waters. To observe the spatial shift in fishing effort between years, each annual trawl set point layer was converted to a continuous surface (raster) layer based on point density within the same geographic extent. A density calculation measures the number of trawl set points using a uniform areal unit (such as a square kilometer) to create a density value for each cell in the resulting layer to identify patterns where trawl set points are concentrated. Several parameters affect the resulting density surface and patterns, including the density unit, search radius, and cell size. A kernel density calculation per square kilometer was used with a 5,000 meter search radius and an output cell size of 100 m 2 . Square kilometer density units adequately reflect fishery scale features (Kulka and Pitcher 2001) . The search area dictates the distance within which points are found to calculate the density value assigned to each cell in the output raster layer. The search diameter used in this calculation was later verified to be within the average towline length of the fishery and thus matches the scale of fishing patterns. The output cell size determines how fine or coarse the pattern appears. Using a kernel density calculation, rather than a uniform "simple" calculation gives a smoother density surface with easily detected patterns. Density values were calculated to distribute trawl set points throughout a landscape for each year and then subtracted between years to observe areas of increased and decreased fishing effort.
Five case-study reference areas were selected by comparing spatial patterns of fishing effort with benthic habitat type ( Figure 2 ). Four sites were selected which contained both rock habitat and significant fishing effort (Site 1-4). One additional site was selected based on a bathymetric structure, the Rogue River Canyon, with a greater proportion of soft sediment habitat and significant fishing effort (Site 5). Concentric buffers at specified distances from the same central point, with diameter size increasing by 1 km intervals, were reviewed to determine the most appropriate size for selecting trawl set points and habitat polygons at each site. The ideal size buffer for each site was then used to select the trawl set points within it for further data retrieval. Two adjoining buffers were used to select the southern-most site for optimal coverage of fishing effort patterns, which could not be adequately represented by a single symmetrical buffer. A subset of Oregon logbook records was created for each reference site (Table 2) . Additionally, the quality of rock habitat data was assessed within each site buffer using ranked distributions of data density and quality developed by Romsos (2004) . The order of rock habitat quality values ranked Site 1 as the highest, followed closely by Site 2 and Site 4 with equal values, Site 5 with a moderate value and Site 3 with the lowest value.
Tow end locations, referred to as haul points, for each site's subset of records were manually retrieved from paper logbooks held by the Oregon Department of Fisheries and Wildlife office in Newport, Oregon. A protocol was developed to assure data confidentiality and quality control. Logbook records which did not contain haul location information (4% of all reference site records) were removed from the analysis. . Location of reference sites (Site 1-5) in proximity to rock habitat features on the continental shelf off the west coast of Oregon, USA. Benthic habitat data are represented in the lithologic units described by Goldfinger et al. (2003) . Reference site buffers (O) indicate the area within which trawl start (set) locations were selected for further retrieval of trawl end (haul) locations in manual logbooks.
11 Table 2 . Description of five selected reference sites and logbook records from within these sites used to construct trawl towlines by retrieval of tow haul (end) locations. Filtering steps that were applied to identify and remove unsuitable records for this study are noted. Records with haul locations identical to the tow set location or for which trawling occurred over a landmass were also dropped from the analysis (< 0.5 %).
Haul locations were mapped with the corresponding set location. Trawl towlines were created using a Visual Basic script which draws a straight line from each set location to each corresponding haul location. The azimuth of each towline from true North (0°) was calculated using an expression (polyline_Get_Azimuth.cal) in the ArcMap attribute table field calculator. The length of each towline was measured to estimate the distance traveled. Towline length was used to predict vessel speed based on the logbook-reported tow duration. This was done to determine if towline distances could have been traveled within a realistic range of towing speeds. An overlay of trawl towlines across benthic habitat type subsequently split each towline into multiple segments at each habitat boundary and joined the attributes of the underlying habitat type to each towline segment using an identity command. The length of each resulting towline/habitat type segment was measured by updating feature topology. Towline segment lengths were then summarized annually by habitat type and compared across years. Patterns of trawl towlines were reviewed in both a spatial and temporal context. Swept area calculations, defined as the amount of ground potentially contacted by trawl gear, were not made for the purposes of this study in part due to the absence of detailed trawl gear notation in logbooks and the wide variety of gear used in the fishery. Often "average" gear parameters are used in calculations for the purposes of estimation. The detailed spatial distribution of trawl towlines and towline distance measurements can provide similarly acceptable information in regard to fishing intensity. 12 California state database logbook records from 1997 to the present contain the location for both tow set and tow haul. California records were used for a comparison with the spatial and temporal patterns observed in towlines originating from Oregon logbook data. Subsets of California logbook records were created for the two southern reference sites (where OR/CA fishing effort overlapped) using the same site buffer selection and clip method (Table 2) . California subsets were then mapped and processed using the same methodology as the Oregon reference site records noted above.
Research trawling has occurred off the Pacific coast since 1977 in the form of NMFS groundfish surveys. Trawl towlines were mapped for groundfish research survey tows. Research trawling (conducted during both continental shelf and slope surveys) which originated within reference site areas accounted for only a small fraction of total fishing effort. Fishing intensity (measured as kilometers towed) by research vessels was less than 1% of that exhibited by commercial fishing vessels during the same time period (1998) (1999) (2000) (2001) . Therefore, research trawling information was not considered in subsequent analyses.
Groundfish management measures for the limited entry trawl fishery were tabulated from the Federal Register for the time period 1995-2002. Acceptable Biological Catch (ABC), Optimal Yield (OY), and annual allocation to the commercial trawl fishery were recorded by year for each managed species or fish assemblage. Cumulative trip limits were organized and recorded by month. In-season changes to trip limits were added to these tables for each management change during the course of a year. This compilation of temporal management measures provided the basis by which corresponding fishing effort distributions were reviewed.
RESULTS
A decreasing trend in annual trawl fishing effort off the Oregon coast was observed across all years from 1997-2002 (Table 1) . Directed fishing effort in Oregon waters by Washington vessels was concentrated along the Oregon-Washington border and diffused in a southerly direction. There was a greater amount of effort in Oregon waters by California trawlers than from Washington trawlers. California trawl effort demonstrated a similar trend as the Washington vessels, with effort concentrated at the Oregon-California border and diffusing gradually in a northerly direction.
Trawl fishing effort differed by location and intensity in proximity to the major rocky bank features on the Oregon continental shelf (Figure 1 ). Trawl set points for the entire study period fell within mapped seafloor lithology, which extended to approximately the 3000 m depth contour. Trawl set points over Nehalem Bank occurred predominantly over portions of the bank located farthest offshore. On Stonewall bank, there was a concentration of set points along the north to northwest slope-edge of the bank, but very few over the main bank. Cape Perpetua bank had a similar concentration of set points around the northwest slope-edge portion of the bank, but again very few points over the main bank. Trawl set points are found throughout the Heceta Escarpment, the slope-edge feature just offshore of Heceta Bank, with only a few points appearing over the southern tip of the actual bank itself. Siltcoos Bank did not have any associated trawling activity. Coquille Bank displayed set point patterns northwest of the main bank, to the north, south and west of the bank, with a lesser density of set points over this bank as well. Orford reef is a nearshore feature which did not experience any documented trawling activity.
In addition to an overall decline in effort, there were shifts in the number of trawl sets between years and between habitat types. The number of trawl sets per habitat type was consistent with the total area of habitat type available, i.e. the majority of trawl sets took place in the largest geographically mapped habitat type -mud (Table 3 ). The smallest extent of mapped habitat, gravel habitat, did not contain any trawl set locations, though it is still possible that trawl tows may be crossing into this habitat designation. Broad scale spatial shifts in trawl fishing effort were apparent across years, as visualized by density maps (Figure 3) . The spatial distribution of areas experiencing 14 increases and decreases in fishing effort between years are summarized in Table 4 . Areas of increased fishing effort were still evident in each between-year calculation, despite the overall decline in trawl tows each year. This provided clear evidence that trends or shifts in effort are occurring which were not attributed solely to the decrease in annual tow numbers. Shifts in fishing effort were at times extremely patchy and at other times somewhat continuous in distribution. One such continuous distribution is a decrease in fishing effort along the outer continental shelf in 2002 from fishing effort which occurred in 2001. This is in part attributed to the first full depth-related spatial closure of the fishery from approximately 100 to 250 fathoms in September of 2002 (67 FR 57973). Table 4 . Summary of increasing and decreasing trawl fishing effort calculated by subtracting an annual set location density layer from the density layer of the previous year, calculated for each year pair between 1997 and 2002.
Noted in the northern region along the 100 m contour and also offshore in deeper waters both north and south of Heceta Bank.
Observed in a large band along the entire continental margin focused at the 200-300 m contours.
Primarily located in the northern region both along the 100 m contour and in deeper offshore waters past 300 m. 
2000-1999
Several concentrated areas are west of Astoria and Newport and also in the southern region from Bandon to Brookings between the 100-300 m contours.
Annual Difference Increased Effort Decreased Effort
1998-1997
Largely located from central to southern OR on the continental margin between 100-200 m contours, with patchy distribution along the entire margin.
Patchy decreases observed from nearshore to deep offshore regions, but concentrated mostly along the northern border west of Astoria and extending into central OR along the 200 m contour. Density values are calculated in the same geographic extent for each individual year and then subtracted between two consecutive years to observe areas of increase (red), no change (yellow), or decrease (blue). Depth contours (100-500 m) are noted to delineate the continental shelf and slope and areas with no data value are represented in grey. The use of trawl towlines created for each reference site demonstrates a substantial improvement in the resolution of fishing effort data relative to the use of start point locations alone (Figure 4) . Towlines also depict the direction of towing and the distance towed. Towlines provide an enhanced visual representation of spatial patterns in the variability of trawl towing behavior relative to habitat, bathymetry, and direction. Based on an azimuth calculation from true North (0°) for each towline, the majority of towlines are positioned within northern (315° to 45°) or southern (135° to 225°) directional quadrants (Table 5) . Predicted vessel speeds derived from towline length and logbook duration fell within a realistic range of tow speeds established from interviews conducted with fishermen. This evidence supports the assertion that the trawl towline model is a close proximity to reality. This model cannot determine the exact path trawled but does appear to be a rather close proxy. The straight-line towline model is a conservative estimate of actual distances trawled due to the many factors which prevent towing in exactly straight lines. The ability to detect changes or shifts in spatial fishing patterns over habitat was greatly enhanced by the towline model. Spatial shifts in fishing effort away from rock habitat were strikingly evident for all reference sites after the 2000 footrope restriction ( Figure  4 ). Fishing intensity was summarized as the kilometers towed per year for a given habitat type. Total distance trawled over each habitat type was pooled for the two years prior to the footrope restriction (1998) (1999) and the two years after its implementation (2000) (2001) (Table 6 ). The number of split towline segments that occurred over each habitat type exemplifies the difference between just counting the number of total trawl tows in an area and getting an estimate of actual fishing distances covered over each habitat.
OREGON OREGON
P a c i f i c O c e a n
Decreasing fishing intensity and a decreasing number of towlines segments over rock habitat is demonstrated for all five reference sites after the footrope restriction. Fishing intensity decreases were greatest after the footrope restriction at Site 2 (93.7% reduction) and Site 1 (93.6% reduction). Site 5 demonstrated a 90% reduction followed by reductions of 84.8% at Site 3 and 69% at Site 4. Increasing fishing intensity is shown over mud habitat at reference sites 1 and 4 although the number of towline segments decreases slightly. Smaller increases occur over sand habitat at reference site 1, 3 and 4.
Reference site 3 demonstrates a small increase in towing distance over sand habitat, despite a decrease in the number of towline segments represented. Table 6 . Total trawl towline distances (km) and the number of towline segments over benthic habitat type before (1998-1999) and after (2000-2001) the footrope restriction. A towline segment represents one section of a towline. Each towline was split at each habitat polygon boundary (i.e. multiple towline segments can be created by splitting a single individual towline).
Towline Distances (km) -2001 % Change 1998 -2001 % Change 1998 -2001 % Change 1998 -2001 -2001 % Change 1998 -2001 % Change 1998 -2001 % Change 1998 -2001 (Table 5 ). The majority of California tows began north of the canyon and trawling occurred in a northerly direction. A second group of tows by California vessels began in the southwestern section of the upper site 5 selection buffer and towed south along the 400 m contour. The third group of tows by California vessels began in the southwestern section of the lower site 5 selection buffer at depths greater than 150 m and trawled in a southeasterly direction. California towlines in reference site 4 were consistent with Oregon towline patterns. Most of the California set points were located in the southern half of the site 4 selection buffer and trawling occurred in a southerly direction.
DISCUSSION
There is significant inter-annual variability in trawl fishing effort. These inter-annual shifts are affected by factors such as changes in target species, management trip limits, and fishing strategies (Sampson 2001, Babcock and Pikitch 2000) . Overall, fishing effort exhibited patchy distribution and maintained similar statewide patterns over the entire study period. This consistency is common when fishermen return to areas previously known to harbor high abundances of target species and suitable seafloor for trawling.
From a conservation standpoint, this patchiness may be desired if fishing efforts do not also expand into the unaffected areas. Patchy distribution of trawl effort disturbs the same areas of seabed frequently, but in turn leaves large areas unaffected by the impacts of fishing gear. Spatial management measures, such as closed areas, can have the effect of shifting fishing activity to areas that were previously lightly fished or very rarely fished (Holland 2003 , Rijnsdorp et al. 2001 . The mitigation of a closed area should be carefully weighed against resulting redistributions of fishing effort. Larcombe et al. (2001) demonstrated that a general increase or redistribution in trawl fishing effort unrelated to closed areas tended to concentrate in those relatively small, high-effort areas rather than expanding into new fishing grounds. From fine-scale spatial analysis it is possible to identify if fishing effort is localized to a small area versus the same amount of fishing effort that is spread out over a larger area. Fishing impact and recovery studies have not clearly addressed how the dynamics of these two different spatial patterns of fishing effort might relate to various habitats. In the context of conservation, these dynamics may depend upon which habitats or non-target species are located within already targeted fishing grounds. Conservation objectives tend to target habitat types or species particularly sensitive to fishing pressure. The evaluation of spatial effort distributions within various habitats will be a critical component in executing management decisions for conservation objectives.
Density mapping created views of aggregated fishing effort which closely reflected habitat-related patterns. These are usually undetected by grid methods, unless the grids are perhaps set at very fine scales (i.e. 1 x 1 km cells). A grid method basically splits geographical space into a pattern of arbitrarily sized cells and assigns fishing effort homogeneously within each cell. Cell size has a large influence on the results of such work. Cell size can either be too small and fishing practices overlap into multiple cells, or too large and assigned fishing effort is too broadly distributed. Another main concern is that grid cells are often unable to reflect the spatial complexity of geographic features, such as habitat boundaries, an issue addressed by this work. To avoid extrapolation, a density calculation requires the use of parameters that are within the scale of the fishery. The search diameter used in this study (radius = 5 km) was within the average distance of trawl towline lengths (average = 11.86 km). Density mapping greatly facilitated the identification and extent of particular habitat areas that were experiencing changes in fishing pressure, which aided in the selection of study sites. 31 Another brief consideration is that density mapping provides an easily aggregated view of trawl start locations, which is often necessary when working with any confidential fishery-dependent data. Confidentiality concerns can still be addressed by this method and yet the spatial resolution of fishing effort patterns is improved.
This density mapping technique was validated in a non-experimental manner when it was discovered that decreasing fishing effort density directly overlaid a continuous depth range along the entire length of the Oregon coast between 2002 and 2001, a result of a spatial closure in the fishery. In September of 2002, a large portion of the continental shelf off Oregon, from approximately 100 to 250 fathoms, was closed to trawling to protect overfished darkblotched rockfish (Sebastes crameri). Even though this closure was only reflected in the study data for four months at the end of the fishing year, it nevertheless was revealed as a marked decrease in fishing effort in relation to that which occurred in 2001 throughout the closure boundaries.
The use of trawl towlines rather than set point locations resulted in the analysis of fleet responses to management measures at an appropriate spatial scale. Towlines provide a basis by which to observe patterns of fine scale yet realistic fishing effort. Based on this analysis, it is crucial that in the future all haul location data be entered into electronic databases from fishery-dependent collection programs. Because haul locations have been and are currently provided by fishermen in paper logbooks, it would require only a minimal cost to include this field in data entry. The effort to review and process spatial data on an annual basis would provide not only an additional quality control step by verifying realistic reporting of fishing location, but would also allow evaluation of current spatial management measures. Although this study focused on five reference sites off the Oregon coast, this work could easily be expanded to examine all trawl logbook data for the US West coast.
The spatial shift of tow patterns away from rock habitat was distinctly evident from visualization of trawl towlines after the 2000 PFMC footrope restriction (Figure 4 ). Towline analysis also provided a measurement of trawling intensity by habitat type. The reduction in reference site towing over rocky habitat was both visibly evident and clearly measured by intensity with an average -86 % change (Table 6 ). The reduction in effort over rocky habitat did not simply result in an overall reduction in fishing effort. Some fishing effort also slightly shifted from rock habitat to surrounding areas of unconsolidated sediments. Impacts in areas where increased fishing effort is occurring should be studied to assess the accompanying unintended consequences of this management action.
Several models of fishing activity have attempted to evaluate connections to the economics of fleet reduction, the study of marine protected areas, resource depletion, and the prediction of long-term responses to regulatory strategies (Scholz et al. 2003 , Caddy and Carocci 1999 , Maury and Gascuel 1999 , Walters and Bonfil 1999 . Such 32 models would benefit from the fine tuning that trawl towline analysis can provide by accurately representing the distribution of fishing effort in geographic space.
We observed a majority of north-south tow directions, with the exception of east-west towing related to the Rogue River Canyon bathymetry in southern Oregon. This supports previous observations by Friedlander et al (1999) of trawl marks on the seafloor commonly orienting parallel to bathymetric contours. Spatially stratified exploration should therefore be conducted to locate bathymetric contours which may affect tow patterns prior to assuming a north-south tow direction in models of fishing effort.
Trawl gear disturbance on the seafloor can be examined through the use of highresolution side-scan sonar (Friedlander et al. 1999 , Krost et al. 1990 , but the towline model can better quantify fishing effort over the use of trawl tracks seen with side-scan sonar. The path covered by a trawl, or trawl track, is often visible as a long, narrow, linear depression. Side-scan sonar is costly and the detectability of trawl tracks is heavily dependent on timing of the side-scan survey and the time at which fishing occurred, while trawl towlines display fishing activity at the scale of the fishery and provide an enduring (if indirect) record of potential trawl tracks. However, these two methods may prove complementary. Reviewing trawl towlines may provide the first step for identifying areas where high fishing impact disturbance occurs and trawl marks could then be examined closely with the use of side-scan sonar to verify fishing impacts and logbook positional accuracy to some degree.
The results indicate that the footrope restriction, in conjunction with associated landing limits, was effective in protecting rocky habitats from trawl fishing impacts. This supports previous demonstrations that gear changes or modifications can achieve some purposeful level of conservation (Valdemarsen and Suuronen 2003 , Rose et al. 2002a unpublished manuscript, Van Marlen 2000 . Fishery managers often only manage for direct habitat conservation by the force of conservation legislation or if it was demonstrated that a loss of habitat would directly lead to a loss of yield in the fishery. Similarly in this case, although the footrope regulation was only indirectly aimed at habitat conservation, it ultimately served this purpose.
Future extensions of this research will need to incorporate analysis of catch data to clarify the effects of gear restriction versus trip limits. One possible method described by Larcombe et al. (2001) apportions catch equally along the length of a towline and then summarizes catch within a fine-scale grid of 1 km 2 cells. Branch et al. (2004, unpublished manuscript) utilizes a clustering method related to trawl towline locations and associated catch data, which could then be used to delineate groups of tows in specific areas and their associated target species. This would be particularly useful information for various patterns of towlines identified at or near the rocky banks examined in this study.
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This study directly assessed the effects of a previous management action, which is not often done in the context of fishery management today. Substantial regulatory changes have occurred in the last decade which have ultimately resulted in a reduction in trawl fishing effort off the Oregon coast. Effort shifts can be studied on any time step, from arbitrary (i.e. 1 year) to more natural steps, like regulatory regime shifts. Tracking of regulatory change by species provides the foundation to spatially examine individual management measures in a multi-species groundfish fishery. Fishery management compilation tables created for this study have been valuable tools in both research and outreach. It is recommended that this type of systematic tracking be instituted formally as a required exercise for management purposes and that these materials should be made readily available to all stakeholders. The tracking of fishery management change should be accompanied by a follow-up evaluation of the outcomes of fishery management actions.
Trip limits and gear restrictions associated with the original 2000 footrope regulation have since been adjusted. It will be necessary to continue monitoring responses in fishing effort to evaluate sustained habitat protection. Depth-based spatial management closures were implemented in September 2002 and related closures continued into 2003. Rock habitats within reference sites were not protected by these depth-based closures until May 2003. Therefore, the observed patterns in fishing effort reviewed here were solely based on previous management strategies. Potential habitat recovery from trawl impacts on rocky habitats in the studied reference areas began prior to the full spatial closure. It is very likely that in the near future these depth-based restrictions will be lifted in some areas or to some fishing gears and habitat protection will continue to vary as closure boundaries shift.
Reference site areas have been identified where EFH recovery is likely occurring off the coast of Oregon. These reference sites should be studied in situ as soon as possible to begin answering fundamental questions regarding recovery rates of habitat in the absence of trawling. There is a lack of published literature regarding both trawl impacts on rocky habitat and its recovery upon removal of these impacts (Kaiser et al. 2002 , Collie et al. 2000 . The largest research gaps are in determining event-response relationships as a function of gear, recovery time, and habitat type -especially in naturally stable, structurally complex habitats such as rocky reef habitat. For benthic communities that have experienced chronic fishing disturbance, it is not known whether eventual recovery to a "former" (often unknown) state will occur if fishing is halted, or if the system might have reached an alternative stable state from which it cannot simply return following removal of fishing disturbances (Holling et al. 1995 , Holling 1973 . It is generally thought that at high fishing effort levels, initial reductions would decrease impacts marginally but that benefits would be more apparent as effort declined even further (NRC 2002) . The reference sites identified in this study can be used in further studies to provide additional insight in understanding such concepts.
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Identifying both the distribution of benthic habitat types and the spatial extent and intensity of fishing effort is critical for evaluating where fishing gear impacts take place and how this in turn affects associated fish populations and their habitats (Johnson 2002 , Meaden 2000 . "Habitat" as defined in this study is fairly limited in the framework of groundfish EFH. Numerous studies have shown correlations between demersal fish and various classifications of seafloor substrate (Nasby-Lucas et al. 2002 , Yoklavich et al. 2000 , McRea et al. 1999 , Stein et al. 1992 , Hixon et al. 1991 , Matthews 1989 . New information on other aspects of fish-habitat associations could be incorporated, such as depth, temperature, salinity, biogenic structure, and nutrient or prey availability. By integrating new information on seafloor substrate at finer scales or by including ecological habitat factors, examining the effects of fishing effort distribution and intensity in the context of EFH would be enhanced.
Results also demonstrate the necessity of improving the spatial resolution of fishery data to address current fishery management concerns. Limitations on spatial precision are ultimately tied to the accuracy of the original positions recorded in logbooks. The precision of location using GPS is an improvement over Loran A and C, which were the shore-based navigation systems used prior to the implementation of GPS. Spatial precision works to the fisherman's advantage because they can place their gear more accurately with the aid of GPS chart-plotters and supplementary acoustic equipment (Molyneaux 2002) . Since the mid-1990's, the spatial precision of logbook data has benefited from the use of GPS, requiring records of actual tow location in trawl logbooks, and from observer's independent monitoring of fishing activities. Implementation of electronic vessel logbook systems to monitor fisheries would be effective in providing accurate and timely spatial data to improve fisheries management (Meaden 2000 , NRC 2000 . These systems would also shorten the lag time that currently occurs in the availability of data for management purposes. An electronic logbook system would facilitate utilization of spatial data on fishing catch and effort as a means to directly evaluate management of the fishery. Vessel monitoring systems may assist in verifying spatial location and patterns of fishing from individual tows, but this would require linkage to detailed fishing logbooks that host all of the other fields of data associated with a fishing tow and particular fishing trip (Kemp and Meaden 2002 , Marrs et al. 2002 , Rijnsdorp 1998 . At this point in time, VMS systems in the U.S. West coast groundfish fishery may not be useful for management purposes other than basic enforcement of spatial area violations. Other fishing patterns, such as lifting trawl doors and resetting the same tow in a different direction, circular tows, etc, can be better addressed from detailed trawl track data from position loggers or frequent transmission of VMS vessel location data. Until then, trawl towlines are one method by which we can improve fishing effort resolution.
The issue of logbook and fishing effort confidentiality may need to be addressed in light of recent spatial management measures and enforcement, as well as the idea that fisheries are intended to be managed as a public-trust resource. Potential bias generated from any changes in confidentiality (i.e. misreporting) would need to be addressed.
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Certainly, care should be taken in selecting the use of GIS methods for analyzing confidential data which is intended for aiding in the decision-making process to avoid any public presentation of sensitive data in the resulting maps. The overhaul of datagathering and regulatory policies should include considerations for performing spatial analysis of fleet distributions and fishing effort to better assist in sustainable long-term fisheries management (Walters and Martell 2002 , Pitcher 2001 , NRC 2000 .
Though extensive information is contained in logbooks, these data have been underutilized in fisheries management (NRC 2000, Starr and Fox 1996) . This study's use of fishery-dependent logbook data demonstrates the extensive geographic and temporal coverage that these data contain relative to fishery-independent data sources. Research survey tows originating from reference sites were less than 1% of the fishing intensity by commercial tows selected from the same sites. Observer coverage and increases in collaborative research are incorporating more fishery-dependent data sources into the management arena (NRC 2004) . Examining the previous year's fishing data before considering changes to regulations may work to alleviate concerns by fishermen that fishery managers do not value the information they provide (Gilden and Conway 2002, Kaplan 1998) . With the recent shift to a two-year groundfish management cycle through Amendment 17 to the groundfish FMP, this can now be a realistic expectation when setting future policies and regulations.
The degree of interchange and support between associated marine disciplines such as fisheries oceanography, benthic habitat mapping, stock assessment, fishery database development, and spatial analysis is of critical importance for facilitating the evaluation of fishery management. With increasing environmental awareness, spatial relationships in marine fisheries management are developed by reaching agreements between often conflicting demands. Various stakeholder interests must be clearly represented to achieve optimal spatial balances in marine fishery-related issues. This study emphasizes the types of analysis and data needed to better inform the decision-making process for finding an optimal spatial balance between habitat conservation and fishing effort.
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CONCLUSION
The increasing incorporation of ecosystem perspectives into fishery management will require understanding the spatial dynamics of both fish populations and fishery exploitation. Recent concerns regarding essential fish habitat and the possible adverse effects of bottom-fishing practices on such habitat highlight the need for and integrated understanding of ecosystem dynamics and fishery activities. Careful review and monitoring of spatial data from the US West Coast groundfish trawl fishery can assist in evaluating the extent of habitat affected by fishing disturbances and which management measures influence habitat conservation. This study demonstrated that the 2000 PFMC footrope restriction and associated landing limits influenced the shifting of trawl fishing effort away from rocky habitat off the Oregon coast. These rocky banks, which serve as habitat for depleted rockfish (Sebastes spp.) stocks, are now protected from the impacts of trawling. Methodologies developed in this study highlight the benefits of increasing the spatial resolution of fishery data collection. The collection of fishery data should strive for fine-scale resolution to make use of new spatial analyses to better evaluate concerns of the diverse stakeholders in the marine environment. The evaluation of complex fishery management measures can utilize the spatial linkages of information on fish distribution, habitat, environmental parameters, and fishery exploitation. New information on relationships between fish and habitat type, advances in seafloor mapping and habitat classification, and ongoing changes in fishery management will each contribute valuable information to future analyses of this type. The research presented here demonstrates how interdisciplinary research and analysis can resolve marine management challenges today and provide insight regarding the spatial aspects of this challenge.
